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THE EFFECT OF VOLUME ON THE TENSILE STRENGTH
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ABSTRACT

This report will present the results of a study on the effects of stress volume on the tensile
strength of two nuclear-grade graphites. The materials selected were H-451, an extruded
near-isotropic graphite manufactured by Great Lakes Carbon Corporation, and IG-110, a fine-grained
isotropic molded graphite manufactured by Toyo Tanso Company. Ltd.

The tensile properties of H-451 were examined extensively in the past in order to characterize
the variability of strength within billets, between billets, and between lots. But. the variability within
a billet was, for the most part, studied only casually. The problem was the strong influence of a
limited sampling plan in describing the mean strength and the variability. Therefore, an extensive,
statistically sound sampling plan has been devised to fully characterize the spatiai variability within
a single billet. The effects of stress volume are being reexamined by comparing the strengths of four
specimen sizes covering a broad range in stress volume.

Specimen configurations were machined to conform to ASTM C749-87. Standard Test Method
for Tensile Stress-Strain of Carbon and Graphite. Test results for four specimen sizes having gage
diameters of 6.35, 9.53, 15.88, and 25.40 mm will be reported for H-451 graphite. Respective
gage-section volumes are 1407. 3163. 12.577, and 51,482 mm3. Likewise, tensile test results for the
isotropic. high-strength IG-110 graphite will be reported. Tests will be performed on all but the
largest of the four specimen sizes.

Two modeis will be employed for analysis of the stress volume data for the selected graphites.
The popular Weibull model has previously been found to grossly overestimate the volume
dependence of the strength of H-451 graphite. The model will be reevaluated using the improved
statistical distribution of strength expected from the current sampling plan.

A new fracture model developed by Burchell and Tucker has potential for determining the
effect of stress volume on the tensile strength of graphite. This probabilistic failure criterion combines
a microstructural basis with a fracture-mechanics approach to failure. An initial evaluation of H-451
data showed that the model closely predicted the mean tensile strength for the two smaller .specimen
sizes.
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1. INTRODUCTION

The variability and statistical distribution of graphite strength (tensile, compressive, fatigue,

flexure, and fracture toughness) must be considered in the design of critical reactor core components.

A fracture model based on the governing role of flaws in the microstructure of the brittle graphite

material, and relating the probability of failure to the volume of material under stress would be a

useful engineering design tool. The model could be combined with finite-element stress analysis to

show compliance with reliability requirements for critical structural components.

Work is cutrcmly underway to validate the existing data base on H-451 graphite, and to improve

the statistical distributions used in probabilistic analysis. New data on the dependence of tensile

strength on specimen size (stress volume) are reported herein. The application of several models to

the data on extruded H-451 graphite as well as a high strength isotropic moulded graphite, IG-110,

are reported.

2. EXPERIMENTAL PROCEDURE

Tensile tests at room temperature were conducted according to the ASTM C749-87 [1] methoc

for tensile testing of graphite. Tests were performed on a microprocessor based Instron

electromechanical test system equipped with specimen grips incorporating chain links which serve ;o

minimize parasitic stresses. Figure 1 shows a schematic drawing of the test system and the specimen

gripping arrangement. All tests regardless of specimen size were conducted at a constant extension

rate (crosshead speed) of 8.5 X 10'3 mm/s. Only the fracture strength of each specimen was recorded:

no strain measurements were taken in this study on the effect of stress volume (specimen size) on

tensile strength.

Four specimen sizes having gage diameters of 6.35, 9.53. 15.SS, and 25.40 mm were machined

such that the specimens were axially aligned with the longitudinal axis of the graphite bil'et (log).

Schematic drawings of the test specimens are shown in Figure 2. and gage section volumes arc listed

in Table 1.



Table 1. Tensile specimen stress volumes

Gage
diameter
(mm)

6.35
9.53
15.88
25.40

Gage
length
(mm)

44.44
44.44
63.50
101.60

Stress
volume
(mm3)

1,407
3.163
12,577
51.482

3. MATERIAL: GRADE H^ISl GRAPHITE

Grade H-451. manufactured by Great Lakes Carbon Corporation, is a near-isotropic,

petroleum-coke based, medium eeere«.giained graphite that has been heat treated to 2.650'C and

gas purified. The graphite is extruded into billets measuring 432-mm diameter by 813-mm long. An

entire billet was consumed for tensile testing to determine the effects of 1) specimen size on strength,

and 2) spatial variability of strength throughout the billet. The latter is the topic of another

presentation by the author at this IAEA Specialist's Meeting [2].

Prior to specimen fabrication, the billet of H-451 was cut into slabs. The various specimen

sizes were machined from the slabs as indicated in Figure 3. At two locations along the billet length,

i.e.. positions 2 and 5 in Figure 3. all four specimen sizes were available through the cross-section of

the billet. Additionally, at each position along the billet length, the specimens were located at six

specific radial positions through the cross-section of the billet, as shown in Figure 4. All four

specimens were obtained at the radii designated as R2, R4. and R6. while only the 6.35 and 9.53-mm

gage diameter specimens were obtainable at radii Rl, R3. and R6. The specimen yield from the billet

included 160 of the 6.35-mm diameter specimens, 158 of the 9.53-mm diameter specimens. 20 of the

!5.SS-mm diameter specimens, and 18 of the 25.40-mm diameter specimens.

4. MATERIAL: IG-110 GRAPHITE

IG-110 is a fine grained, isostatically moulded, high strength, isotropic graphite manufactured

by the Toyo Tanso Company. Grade IG-110 is the designated graphite for the fuel element and core



support structures in the Japanese High Temperature Engineering Test Reactor (HTTR). Tensile

specimens were machined from a small amount of material remaining from a recent study on fracture

toughness measurement techniques [3]. A limited number of three specimen sizes were machined,

i.e., 23 of the 6.35-mm gage diameter specimens, 16 of the 9.53-mm diameter specimens and 8 of the

l5.SS-mm diameter specimens.

5. RESULTS

Analysis of the large body of data for grade H-451 graphite obtained in this study has only

just begun. Observations presented herein focus on test results for those specimens taken from the

outermost radial position through the cross-section of the billet, i.e., R6. Failure probability plots for

the tensile strength of H-451 at R6 for 6.35,9.53.15.88, and 25.40-mm diameter specimens are shown

in Figures 5 through 8, respectively. The test results for the various specimen sizes appear to be

reasonably well represented by a normal distribution. Price (4] had indicated in early work (1976) on

H-451 that within experimental scatter normal as well as Weibull distribution functions are equally

well representative of the tensile behavior of grade H-451 graphite.

Similarly, failure probability plots for the tensile strength of grade IG-110 graphite are shown

in Figures 9 through 11 for 6.35. 9.53. and 15.880-mm diameter specimens, respectively. As with

H-451. the tensile test results for IG-110 appear to be reasonably normally distributed.

As shown in Figure 12. both H-451 and the higher strength IG-110 graphite exhibit an effect

of specimen size (stress volume) on tensile strength. The remainder of this report will 1) address the

applicability of the popular Weibull Theory for describing the specimen size effects observed in H-451

and IG-110, and 2) demonstrate 3 ne;v fracture model which has potential for modeling size effects

on the tensile strength of graphite.

6. DISCUSSION

Briefly, the Weibull theory on the strength of brittle solids assumes that the material contains

a distribution of tlaws. either on the surface or throughout the volume; when the material is subjected

to a tensile stress, the combination of the highest local stress concentration with the most severe flaw

controls the strencth of the bulk. This is the so-called "weakest-link hypothesis." In summary, the



probability of survival. S. lor a graphite tensile specimen would be written as follows:

S = exp[-K(—)M]

where V= load carrying volume of a tensile specimen

o = tensile stress

o0= scale parameter or characteristic strength

m= shape parameter or Weibull slope

For tensile specimens of volumes V, and V:; with V, < V : the condition for equal survival probability

is:

'/• iy» = y (— (2)
2

°0 °0

and

a2

(3)

Thus the strength of the low-volume specimen V, is predicted to be higher than that of the

high-volume specimen V,. However, the expected dependence on volume is not generally observed

for graphite. Price (4) concluded in his review that while the Weibull model appears to fit the tensile

strength distribution, it greatly overestimates the volume effect.

Furthermore, Ho [5] pointed out that, in fact, the strength decreases rapidly as the least

dimension (specimen diameter) approaches the grain size of the graphite. The effect of the least

dimension then outweighs the volume effect. To reconcile this. Ho introduced a modified Weibull



model of the form:

S = exp[-F(-—-)m] (4)——V
a f

0 **

where f is a function of the characteristic grain size (h0) and the diameter (d) of the tensile specimen.

The expression for the function f chosen by Ho is as follows:

The ratio of tensile specimens of diffe:enl volumes then becomes:

fm (6)

°2 fl V2

Ho states that the grain-size effect should be minimized when the specimen diameter is 10-15

times the maximum grain size. Thus for Grade H-451 graphite with a grain size of 1.59 mm, the

specimen diameter would have to be greater than 15.9 mm. Therefore, grain-size dependence would

be expected for the majority of the specimen sizes tested in this study (6.35 to 25.40-mm diameter).

Figures 13 and 14 show comparisons of the "original" and modified Weibull model predictions

with the mean strengths for the various sizes of Grade H-451 graphite specimens taken at radii R6

and R4 respectively. Both figures demonstrate that the Weibull model predicts a significant increase

in strength with decreasing volume. However, the strengths at R4 indicate little "real" effect of

specimen size (voiume), while at R6 continuing strength increase is exhibited as specimen size

increases. On the other hand, the modified Weibull model appears to reasonably predict the strength
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at R4. However, at R6 the data still appears to exhibit a grain size effect for the 15.88 and 25.4-mm

diameter specimens, though the model would predict that the grain size effect would be outweighed

by the volume effect and consequently strength would decrease. It would appear then, that the

expression for the f function in Equation (6) above should be refined to account for the spatial

variability expected in H-451 graphite.

A new probabilistic failure model intn duced by Burchell [6,7] was applied to the H-451 and

IG-110 tensile data obtained in this study on volume effects. The model, developed specifically for

nuclear grade graphites, combines a microstructural basis with a fracture-mechanics approach to

failure. Summarily, graphite is assumed to contain inherent flaws (cracks) which under an applied

stress will propagate through the material along preferred planes when the stress intensity on such

a plane, in the vicinity of a crack, exceeds the critical stress intensity, Klc for a graphite particle. The

material parameters used to calculate the probability of failure at a given stress include the following:

filler particle size, the mean and standard deviation of the graphite pore size distribution, the number

of pores, the bulk material (specimen) volume, and the particle KIc. The physical basis of the model

is discussed in detail in Burchell's report [8] at this IAEA meeting.

Figures 15 and 16 compare the model predictions with the experimental data for the 9.53-mm

diameter specimens of H-451 (radius R6) and IG-110 respectively. The predicted and experimental

probability failure curves are in good agreement. In particular, the model closely predicted the mean

tensiie failure stress, i.e., the stress at 50% failure probability.

Reducing the specimen size to 6.35-mm d.ameter, while keeping all the remaining model

parameters unchanged, resulted in predicting increased tensile strength as was the case with the

Weibull model. The predicted increased strengths were out of line with the experimental data for

both H-451 and IG-110 as shown in Figures 17 and 18. Recently, Romanoski [9] reported on

specimen size effects on the fracture toughness of nuclear grade graphites. Grades H-451, IG-110,

as well as Stackpole 2020 were shown to exhibit decreasing fracture toughness with decreasing

specimen diameter (chevron-notched short rod specimen geometry). As intuitively expected, reducing

Klc in the model then shifted the predicted tensile stress failure probability down into agreement with

the experimental data as shown in Figures 19 and 20.

Strength variations (edge to center, along the length and axial versus radial orientation) arc

common in extruded graphite billets, and result from the alignment of coke particles during extrusion

and the distribution of impregnant carbon following the impregnation process. The later model

discussed above appears to be particularly well suited to characterize the effects of microstructural
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variations on strength. Continuing analysis of the strength data on H-451 at the various radial and

longitudinal locations within the billet will be proceeded by an effort to map the expected

microstructura! variations in the material (billet). Figures 21 through 24 illustrate the sensitivity of

the model predictions of failure stress for H-451 to particle size, pore size, pore distribution and

density. Note that the solid points in the figures represent the values used in the analysis above. Note

too that the various parameters intuitively follow the expected effect, i.e., decreasing strength results

from decreasing particle size, increasing pore size and number, and decreasing density.

7. CONCLUSIONS

The tensile strength of grade H-451 and IG-110 nuclear graphites exhibit dependence on

specimen size (volume). Generally, the strength increased with increasing specimen size over the

r:*nge o f ASTM C749 specimens tested, i.e., 6.35 to 25.40-mm diameter. However, the popular

Weiboll model predicted behavior to the contrary. On the other hand, strength has been observed

to decrease rapidly as the specimen size approaches the grain size of the graphite. A modified

Weibull model introduced by Ho attempted to reconcile the grain size effect but does not currently

provide for spatial variations noted particularly in H-451 graphite. A new fracture model (Burchell)

incorporating microstructural elements in addition to grain size as well as the fracture toughness of

the material did show good agreement with the limited experimental data for H-451 and IG-110

analyzed to date, and shows promise for characterizing the interaction of volume effects and

microstructural variations through the bulk of the material.
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Fig. 2. Tensile specimen sizes.
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